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Abstract 

The heat treatment of aluminium-PEEK (poly-ether-ether-ketone) alloy finds wide application in the 
aerospace and defence industry for its effective rate in strength to weight ratio and for good ductility. Friction Stir 
Welding (FSW) process (an emerging solid state joining process) is suitable for joining this alloy compared to fusion 
welding processes. The most significant process parameters are tool speedy feed rate, tool pin offset and axial force. By 
using central composite design and by employing Response Surface Methodology (RSM), regression models were 
developed to predict the responses. The mechanical properties, such as Ultimate Tensile Strength (UTS), impact 
strength and volumetric dispersion are considered as responses. 
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INTRODUCTION 

Use of structural materials like PEEK and aluminium for its advantages such as high resistance to 
corrosion, excellent thermal and electrical conductivity provides effective results in engineering applications [1,2]. 
Aluminium and PEEK as a composite structure creates some unsolvable problems such as oxidation and 
fragmental cracks [3,4].To overcome these problems, friction stir welding (FSW)process is an efficient welding 
process. This study aims to optimize the operating parameter of the friction stir welding of Aluminium and PEEK 
alloy by using a Central Composite Design (CCD), which is a Response Surface Methodology (RSM) of the 
Design-Expert® software. Friction Stir Welding (FSW) is a joining technique in solid state developed by TWI, 
Cambridge, in 1991 [5]. 

A non-consumable stirring tool with a shoulder and a stirring tool visco-plastic state of base metals joined 
leads to the creation of frictional heat between the base metal and the rotating tool. In this welding process, the 
phase metal displaced from one side to another side and mixed with each other to form a fusion of dissimilar 
metals [figure 1]. The response surface method has been conducted to achieve correlations of Al-PEEK friction stir 
welding in terms of ultimate tensile, impact strength and volumetric dispersion are optimized by using the resulting 
data from the response surface method in Design Expert software. Significant statistical quadratic polynomial for 
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this optimization process was obtained using regression analysis. To obtain effective inlet parameters (as creates effective 
impact on response values) on response variables, Central Composite Design (CCD) in Response Surface Method (RSM) 
was used. 


MATERIALS AND METHODOLOGY 

Eccentric Weave Friction Stir Welding (FSW) 

Friction stir welding is a solid state joining process. Compared to other welding methods, FSW is a new joining 
welding process [14] especially to join two dissimilar metals [3, 4]. The working metals were joined by using non¬ 
consumable tool without melting the metals. Aluminium and PEEK were welded by the friction between the stirring tool 
and the metals. The heat produced near the rotating tool from this friction leads to softened state in the welding location. 
The following schematic diagram shows the working process of friction stir welding [figure 1]. 



Figure 1: Mechanism of Eccentric Weave Friction Stirs Welding 
(a) Eccentric Weld with Pin Offset (b) Eccentric Weld without Pin Offset 
(c) Linear Weld with Pin Offset (d) Linear Welds without Pin Offset 


Identification of Important Process Parameters 

In the aluminium - PEEK friction stir welding, the primary process parameters are obtained in the way of their 
impact on the welding process of aluminium and PEEK. These process parameters were obtained as speed, feed rate, tool 
pin offset and axial force. These factors indicate as input parameters in the response surface methods. The operating 
process parameters are speed, feed rate, tool pin offset and axial force [Table. 1]. 

Difficulties in Al-PEEK Welding Process 

In the process of Al-PEEK welding, there are some difficulties are there such as melting, solidification, oxidation 
and variation in heat flow. To reduce these problems, friction stir welding was used. Compared to other fusion welding 
process, FSW process has shown effectiveness and improved mechanical properties [6-8]. Also the temperature variation 
in AL and PEEK cause difference of the heat flow in certain locations of the welded parts. The extensive thermo-chemical 
deformation induces dynamic recovery and welded micro structure refined by dynamic recrystallisation in friction stir 
welding process [9]. 
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Response Surface Method (RSM) 

Response surface methodology (RSM) is a collection of mathematical and statistical techniques used for 
analyzing the problems in this analyse, independent variables influence the responses. It provides a regression model that 
makes the relationship between the process parameters and response variables [10] .It was used to develop a relationship 
between response variables y a , and input variables, x 1? x 2 ,. . .,x b . It is useful to reduce the cost in costly experiments 
effectively [11]. 

In general, the relationship between y and x b is unknown but can be approximated by a low-degree polynomial 
model. This technique was introduced by Box and Wilson in 1951. They suggested second order degree polynomials to 
approximate the relationships, although there are other functional forms to apply RSM [12]. Response surface 
methodology was used to explore the relation between the feed rate, speed, tool pin offset and axial force as input variables 
and UTS, impact strength and volumetric dispersion as response variables. In these input parameters, major effective 
variables are to be obtained using RSM methodology. The following table shows the inlet parameter values (Table 1). 

Table 1: Process Parameters and Working Range 


Parameters 

Working Range 

Speed 

1000 rpm to 1400 rpm 

Feed rate 

10 mm/min to 90 mm/min 

Tool pin offset 

0.4 mm to 2 mm 

Axial force 

9.5 KN to 19.5 KN 


We employed central composite design to investigate the effect of input variables in the response values in 
friction stir welding process. CCD was used to generate second order (quadratic) polynomial model for UTS, impact 
strength and volumetric dispersion. 

Optimization Process 

The welding process of dissimilar metals as A1 and PEEK employed by using central composite design in RSM 
method. By using RSM method, In Response Surface Method (RSM), Speed, feed rate, tool pin offset and axial force was 
entered as input variables. The major impact parameters on the response values were obtained in central composite method. 
The speed of the tool makes major impacts in the FSW process. By this tool speed, materials were removed in the welding 
area and removed materials were settled in the gap between tool pin and aluminium-PEEK alloy. The rotation of the tool 
pin stirring removes the materials in the welding surface. Mean values and standard deviation in response variables were 
tabulated below [Table 2]. By adjusting the input variables, the fine micro structure was obtained [5]. 


Table 2: Experimental Table for Optimization Process 


Run 

Factor 1 A: 
Speed 
rpm 

Factor 2 

B: Feed 
Rate 
mm/mi n 

Factor 3 

C: Tool 
Pin offset 

mm 

Factor 4 D: 
Axial Force 
KN 

Response 1 
UTS MPa 

Impact 

Strength 

J 

Response 3 
Volumetric 
Dispersion 

% 

1 

1100 

30 

0.8 

17 

186 

8 

70 

2 

1100 

70 

0.8 

12 

165 

7.2 

68 

3 

1200 

50 

1.2 

14.5 

190 

8.6 

74 

4 

1300 

30 

1.6 

12 

194 

8.5 

75 

5 

1200 

50 

1.2 

9.5 

185 

7.9 

6.9 

6 

1300 

30 

0.8 

17 

185 

7.4 

68 

7 

1100 

30 

1.6 

12 

169 

6.4 

62 
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Table 2: Contd., 

8 

1100 

70 

0.8 

17 

152 

6.1 

60 

9 

1200 

50 

2 

14.5 

185 

7.8 

72 

10 

1200 

50 

1.2 

14.5 

180 

7.6 

69 

11 

1200 

50 

0.4 

14.5 

190 

8.3 

71 

12 

1000 

50 

1.2 

14.5 

188 

8.2 

75 

13 

1300 

70 

0.8 

12 

156 

6.7 

65 

14 

1200 

50 

1.2 

14.5 

178 

7.2 

61 

15 

1300 

30 

1.6 

17 

192 

8.5 

73 

16 

1100 

30 

1.6 

17 

165 

6.8 

68 

17 

1200 

10 

1.2 

14.5 

178 

7.5 

70 

18 

1100 

30 

0.8 

12 

171 

7 

64 

19 

1100 

70 

1.6 

12 

176 

7.5 

63 

20 

1300 

70 

1.6 

12 

160 

7.3 

61 

21 

1200 

50 

1.2 

14.5 

160 

7 

58 

22 

1200 

50 

1.2 

14.5 

155 

6.9 

62 

23 

1300 

70 

1.6 

17 

175 

7.8 

68 

24 

1200 

90 

1.2 

14.5 

162 

6.2 

62 

25 

1200 

50 

1.2 

19.5 

186 

8.2 

71 

26 

1100 

70 

1.6 

17 

170 

8 

63 

27 

1400 

50 

1.2 

14.5 

179 

7.9 

70 

28 

1300 

30 

0.8 

12 

169 

7.3 

63 

29 

1200 

50 

1.2 

14.5 

188 

7.9 

71 

30 

1300 

70 

0.8 

17 

185 

7.8 

70 


Table 3: Design Summary Table for Optimization Process 


Design Summary 

File Version 

10.0.1.0 





Study Type 

Response Surface 

Subtype 

Randomized 



Design Type 

Central Composite 

Runs 

30 



Design Model 

Quadratic 

Blocks 

No Blocks 

Build Time (ms) 

79.00 


Factor Name 

Units 

Type 

Subtype 

Minimum 

Maximum 

Coded Values 

M 

ean Std. Dev. 

A 

Speed 

rpm 

Numeric 

Continuous 

1000 

1400 

■1.000=1100 

1.000=1300 

1200 

90.9718 

B 

Feedrate 

mm/min 

Numeric 

Continuous 

10 

90 

■1.000=30 

1.000=70 

50 

18.1944 

C 

Toot pin offset 

Aim 

Numeric 

Continuous 

0.4 

2 

■1.000=0.8 

1.000=1.6 

1.2 

0.363887 

D 

Axial force 

KN 

Numeric 

Continuous 

9.5 

19.5 

■1.000=12 

1.000=17 

14.5 

2.27429 

Response Name 

Units 

Obs 

Analysis 

Minimum 

Maximum 

Mean 

Std. Dev. 

Ratio 

Trans Model 

R1 

UTS 

MPa 

30 

Polynomial 

152 

194 

175.8 

12.2373 

1.27632 

None 

RCubic 

R2 

Impact strength 

Joules 

30 

Polynomial 

6.1 

8.6 

7.51667 

0.674707 

1.40984 

None 

RCubic 

R3 

Volumetric dispersion 

% 

30 

Polynomial 

6.9 

75 

65.13 

11.9987 

10.8696 

None 

RQuadratic 


Length of the Tool Travel 

The length of the tool travel was calculated as, 

Len tool travel — (Per * length of the weld) / Pj n Offset length 

The stirring area of eccentric movement = 7i*bead width*Pin offset length. 
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RESULTS AND DISCUSSIONS 

Analyse of Variance 

ANOVA (Analysis of Variance) is a collection of statistical models used to analyse the variation between the 
groups of parameter. Analysis of Al-PEEK friction stir welding was obtained by using ANOVA (analyse of variance) 
method. ANOVA was conducted for all responses and the results are presented in the following table [table. 4]. ANOVA 
analysis provides the results that all four independent variables of FSW welding process and their effective impacts on the 
response variables. 

The Model F-value of 2.47 implies the model is significant. There is only a 4.99% chance that an F-value this 
large could occur due to noise. Values of "Prob > F" less than 0.0500 indicates model terms are significant. In this case B, 
ABC is significant model terms. The ANOVA table presented the results analysis [table. 4 (a)]. Values greater than 0.1000 
indicate the model terms are not significant. If there are many insignificant model terms (not counting those required to 
support hierarchy), model reduction may improve your model. 


Table 4 (a): Analysis of Variance Table for UTS (Analysed) 


Partial Sum of Squares - Type III 

Source 

Sum of 
Squares 

Df 

Mean 

Square 

F 

Value 

p-value 
Prob> F 


Model 

1908.94 

7 

272.71 

2.47 

0.0499 

Significant 

A-Speed 

80.67 

1 

80.67 

0.73 

0.4024 


B-Feed rate 

640.67 

1 

640.67 

5.79 

0.0249 


C-Tool pin offset 

20.17 

1 

20.17 

0.18 

0.6736 


D-Axial force 

112.67 

1 

112.67 

1.02 

0.3239 


AD 

272.25 

1 

272.25 

2.46 

0.1310 


B 2 

276.27 

1 

276.27 

2.50 

0.1283 


ABC 

506.25 

1 

506.25 

4.58 

0.0438 


Residual 

2433.86 

22 

110.63 




Lack of Fit 

1381.03 

17 

81.24 

0.39 

0.9357 

not significant 

Pure Error 

1052.83 

5 

210.57 




Cor Total 

4342.80 

29 






Std. Dev. 

10.52 

R-Squared 

0.4396 

Mean 

175.80 

Adj R-Squared 

0.2612 

C.V. % 

5.98 

Pred R-Squared 

0.0796 

PRESS 

3997.26 

Adeq Precision 

7.265 

-2 Log Likelihood 

217.02 

BIC 

244.23 



AICc 

239.87 


The Model F-value of 2.47 implies the model is significant. There is only a 4.42% chance that an F-value this 
large could occur due to noise. Values of "Prob> F" less than 0.0500 indicate model terms are significant [table 4(b)]. 


Table 4(b): Analysis of Variance Table for Impact Strength (Analyzed) 


Analysis of Variance Table [Partial Sum of Squares - Type III] 

Source 

Sum of 
Squares 

Df 

Mean 

Square 

F 

Value 

p-value 
Prob> F 


Model 

6.95 

9 

0.77 

2.47 

0.0442 

Significant 

A-Speed 

0.57 

1 

0.57 

1.82 

0.1918 


B-Feed rate 

0.70 

1 

0.70 

2.24 

0.1500 


C-Tool pin offset 

0.22 

1 

0.22 

0.71 

0.4110 


D-Axial force 

0.40 

1 

0.40 

1.28 

0.2711 
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Table 4(b): Contd., 

AB 

0.46 

1 

0.46 

1.46 

0.2414 


AC 

0.39 

1 

0.39 

1.25 

0.2769 


BC 

0.33 

1 

0.33 

1.06 

0.3160 


B 2 

1.85 

1 

1.85 

5.92 

0.0245 


ABC 

2.03 

1 

2.03 

6.50 

0.0191 


Residual 

6.25 

20 

0.31 




Lack of Fit 

4.18 

15 

0.28 

0.67 

0.7484 

not significant 

Pure Error 

2.07 

5 

0.41 




Cor Total 

13.20 

29 






Std. Dev. 

0.56 

R-Squared 

0.5264 

Mean 

7.52 

Adj R-Squared 

0.3133 

C.V. % 

7.44 

Pred R-Squared 

-0.0353 

PRESS 

13.67 

Adeq Precision 

6.783 

-2 Log Likelihood 

38.09 

BIC 

72.10 



AICc 

69.67 


The ANOVA table presented the results analysis [table. 4 (c)]. The Model F-value of 2.92 implies the model is 
significant. There is only a 2.14% chance that an F-value this large could occur due to noise. Values of "Prob> F" less than 
0.0500 indicates model terms are significant. In this case D, D A 2 are significant model terms. Values greater than 0.1000 
indicate the model terms are not significant. If there are many insignificant model terms (not counting those required to 
support hierarchy), model reduction may improve your model. 


Table 4 (c): Analysis of Variance Table for Volumetric Dispersion (Analysed) 


Analysis of variance table [Partial sum of squares - Type III] 

Source 

Sum of 
Squares 

df 

Mean 

Square 

F 

Value 

p-value 
Prob> F 


Model 

2528.77 

10 

252.88 

2.92 

0.0214 

Significant 

A-Speed 

9.38 

1 

9.38 

0.11 

0.7458 


B-Feed rate 

70.04 

1 

70.04 

0.81 

0.3799 


C-Tool pin offset 

2.04 

1 

2.04 

0.024 

0.8796 


D-Axial force 

902.83 

1 

902.83 

10.42 

0.0044 


AC 

18.06 

1 

18.06 

0.21 

0.6532 


BC 

27.56 

1 

27.56 

0.32 

0.5794 


A 2 

150.94 

1 

150.94 

1.74 

0.2026 


B 2 

14.25 

1 

14.25 

0.16 

0.6896 


C 2 

120.48 

1 

120.48 

1.39 

0.2529 


D 2 

1001.19 

1 

1001.19 

11.55 

0.0030 


Residual 

1646.33 

19 

86.65 




Lack of Fit 

1443.50 

14 

103.11 

2.54 

0.1548 

not significant 

Pure Error 

202.83 

5 

40.57 




Cor Total 

4175.10 

29 






Std. Dev. 

9.31 

R-Squared 

0.6057 

Mean 

65.13 

Adj R-Squared 

0.3981 

C.V. % 

14.29 

Pred R-Squared 

-0.5798 

PRESS 

6595.83 

Adeq Precision 

8.350 

-2 Log Likelihood 

205.29 

BIC 

242.70 



AICc 

241.96 
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Evaluation of Actual design 

The 3-dimensional relationship was displayed in contour plots as two dimensions, with the factors, feed rate and 
speed. It reveals the potential relationship between the variables. For a better view of the response variables as UTS, 
impact strength and volumetric dispersion, three dimensional graph was obtained. The actual design process was evaluated 
by using the following figures 2[(a) - (f)] 



(a) FDS Graph 


(b) Perturbation 


(c) One Factor 


Interaction 

♦ bEKS ,. 000 . 

B Feeo rate pmnnfi) 

* 

- S$ - 

B =eee rate (imiAfiH) 

:r— § 

£ aeao- 

g 

—- ^ --— 



. 

a»- 


-1-1-1-1-1- 

a “- 



(d) Interaction 


(e) Contour 


Figure 2 



(f) 3D Surface 


Analysis of Response Variables 

Effect of Ultimate Tensile Strength on Process Parameters 

Diagnostics graphs explain the relationship between the predicted values and the actual values obtained from the 
optimization process [3(a) - 3(e)]. If the internally studentized residuals reach low values, the ultimate tensile strength 
attained low level. By this analysis, the ultimate tensile strength was attained by high residual points. 
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Deser-Exoef* Softtare 
UTS 

Coer poires o, w»ueor 




A Speed (rpm) 


(c) Residuals vs Speed 

Figure 3 

Contour graph explains the relationship of ultimate tensile strength with the parameters (speed, feed rate, tool pin 
offset and axial force).When we give feed rate 30 mm/min and speed near 1300 rpm, the effective UTS attained. For higher 
UTS value as near 194 MPa, tool pin offset to 1.6 mm and the axial force at 12 KN. When these values are at required 
state, they creates effective ultimate strength. By attaining this ultimate tensile strength value (194MPa), the welded 
material gains effective withstand capacity opposite to compressive strength. The mechanism behind the attained ultimate 
tensile strength explained as when the welding speed increases, the elongation of the welded metal increased. By 
increasing the tool speed, the welding process attained quickly [16]. Also, this welding speed was controlled with the tool 
speed and the axial force. This is because to control the temperature of the aluminium and PEEK metals below their 
melting range. So that the ultimate tensile strength obtained in friction stir welding. Also the predicted values were 
compared with actual values [figure 4 (b)]. 


Desgn-ExpenSSotore 

UTS 

Color points by tslueof 


Predicted vs. Actual 



Actual 




(a) Predicted vs Actual 

(b) Contour 


Figure 4 


(c) 3D sui face 
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Effect of Impact Strength on Process Parameters 

Impact strength gives the resistance to the dynamic load by stirring both the materials effectively. Following 
diagnostics graphs shows the relation between the predicted and actual values [5(a) - 5(d)]. The impact strength attained 
by the process of the strengthening welding process. Also the welding thickness plays an important role in the impact 
strength of the joined metal [17]. By increasing the tool speed, A1 and PEEK stirred well at the calculated position of tool 
pin offset, the welding thickness increased to increase the impact strength. Tool pin offset plays a major role in stirring 
process as this value is set to 1.5 mm. The efficient impact value obtained from the optimization process was 8.6 Joules. To 
get this value, the process parameters were set to require state as speed was given as 1200 rpm and the feed rate was at 40 
mm/min. An impact value 8.6 J gives greater resistance to the high loads in engineering applications. By this analysis, 
impact strength attained higher value, when the speed of the tool at minimum and the feed rate was at high range. 
Generally, this impact strength calculated as the ratio of impact absorption to test specimen cross-section. 



Predicted 


Actual 


(a) Residuals vs Predicted 


(b) Predicted vs Actual 



La mo-da 


A Speed (rpm) 


(c) Box-Cox for Power Transforms 


(d) Residuals vs Factor (Speed) 


Figure 5 


Tool pin plunge depth plays an important role in stirring process to attain maximum impact strength. By perfectly 
mixing the aluminium and PEEK metals, the impact strength increases efficiently. The following contour graph shows the 
relation among the input variables in impact strength [6 (b)]. 3D graph gives a better view of impact strength with the input 
parameters [6 (c)]. 
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Perturbation 



DewBtion tom Reference Point (Coaefl Units) 



(a) Perturbation 


(b) Contour Graph 



(c) 3D Surface 


(d) Graph by Cube Model 


Figure 6 

Effect of Volumetric Dispersion on Process Parameters 


Volumetric dispersion is the response value for the distribution of aluminium and PEEK metals in the joining 
process. This volumetric dispersion value indicates the defect free microstructure without any lack of refill process [15]. It 
indicates the efficiency of the stirring process. Volumetric dispersion as 75 % indicates that the aluminium and PEEK were 
mixed excellently in the welding area. This high volumetric dispersion was obtained by low feed rate as 30 mm/min and 
the axial force at 14.5 KN. The mechanism behind the volumetric dispersion is, when the speed of the tool increases at 
moderate feed rate, both the metals heated. This heat is in the range below the thermal transiting level. At this rate, 
removed metals were stirred with the axial force. The axial thrust from the tool makes the stirred metals to join strongly. 


The following diagnostics graph indicates the relation between the observed values with the actual values [figure 
7 (a) - 7 (c)] .A power transformation process related to the residual values indicated in the box-Cox plot graph [figure 7 
(c)]. 
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Design-Expert® Softwar 
Volumetric dspersion 

Color points by value of 
Volumetric dispersion: 



Predicted vs. Actual 



Design-Expert® Sot were 


Lambda 

Current = 1 
Best = 3 
LowC.I. = 

High C.l. = 

Recommend transform: 
None 

(Lambda = 1) 


Box-Cox Plot for Power Transforms 



Actual 


Lambda 


(a) Predicted vs Actual 


Figure 7 


(b) Box-Cox Plot for Power Transforms 



(a): Perturbation 


(b): Contour Graph 



(c): Predicted vs Actual 


(d): 3D Surface 
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(e): Graph by Cube Model 

Figure 8 
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The above model graphs [figure 8 (a) -figure 8 (e)] shows the clearest view of response value (volumetric 
dispersion) obtained from the optimization process. Perturbation graph shows the deviation from the reference points as 
coded units with the volumetric dispersion [figure8 (a)]. The 3D model gives a clear view of the optimization for 
volumetric dispersion [figure 8(d)]. The graph model indicates the percentage of the volumetric dispersion related with 
input variables. 

Effect of Process Parameters 
Numerical Optimization 

Following table shows the numerical optimization of the effectiveness process parameters on response variables 
[table. 5]. Also the lower and upper limits of the response variables indicated in this table. 


Table 5: Numerical Optimization Table 


Name 

Goal 

Lower 

Limit 

Upper 

Limit 

Lower 

Weight 

Upper 

Weight 

Importance 

A: Speed 

is in range 

1100 

1300 

1 

1 

3 

B:Feed rate 

is in range 

30 

70 

1 

1 

3 

C:Tool pin offset 

is in range 

0.8 

1.6 

1 

1 

3 

D: Axial force 

is in range 

12 

17 

1 

1 

3 

UTS 

None 

152 

194 

1 

1 

3 

Impact strength 

None 

6.1 

8.6 

1 

1 

3 

Volumetric dispersion 

None 

6.9 

75 

1 

1 

3 


Resulting Graphs of Numerical Optimization 

The following graphs show the relationships between the response variables with the deviation from reference 
points observed in the numerical optimization process [figure 9 (a) -figure 9 (c)]. The perturbation graph model relates the 
residual values with the actual values [figure 9 (a)]. The contour models show the relation between the response variables 
as ultimate tensile strength, impact strength and the volumetric dispersion with the process or input variables [figure 9 (b)]. 
The cube model figures the observed values of responsible variables for the operating parameters [figure 9 (c)]. 
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Design-Experl® Software 
Factor Coding: Actual 
All Responses 

i: ( 

XI = A: Speed | 

X2 = B: Feed rate | 

Actual Factors 

C: Tool pin offset = 1.59214 

D: Axial force = 15.0481 


| 

| - 
I 


A: Speed (rpm) A: Speed (rpm) 


Figure 9 (b): Contour Graph 




Graphical Optimization 

The overlay plot graph shows the graphical optimization model to the operating parameters [figure 10]. It shows 
the relation between the input variables by comparing with the actual values. 
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Figure 10: Contour Graph 


Post Analysis 

By using central composite design in response surface method, the impact on response variables were obtained 
and the points predicted in this method tabulated below [table.6]. It shows the standard deviation in the response variables. 
Also the confirmation of this predicted values were tabulated [table.7]. By the observed points in this optimization process 
in RSM method, we can find the effective values of input parameters to get an efficient response variables. These values 
used to get the effective joining process of Aluminium and PEEK metals by friction stir welding process. The coefficient 
table shows the measured value for the output characteristics or response parameters [table. 8]. These measurement values 
summarize the coefficient value for the joining of two dissimilar metals (A1 and PEEK). 

Table 6: Point Prediction Table 


Factor 

Name 

Level 

Low Level 

High Level 

Std. Dev. 

Coding 

A 

Speed 

1299.19 

1100.00 

1300.00 

0.000 

Actual 

B 

Feed rate 

68.21 

30.00 

70.00 

0.000 

Actual 

C 

Tool pin offset 

1.52 

0.80 

1.60 

0.000 

Actual 

D 

Axial force 

14.68 

12.00 

17.00 

0.000 

Actual 



Free 

licted 



Cl for Mean 

99% of Population 

Response 

Mean 

Median! 

Observed 

Std Dev 

SE Mean 

95% Cl low 

95% Cl high 

95% TI low 

95% TI high 

UTS 

169.953 

169.953 

-10.5181 

4.31324 

161.008 

178.898 

126.369 

213.537 

Impact strength 

7.41127 

7.41127 

-0.559113 

0.301446 

6.78246 

8.04007 

4.93611 

9.88642 

Volumetric dispersion 

69.6568 

69.6568 

-9.30854 

4.48323 

60.2733 

79.0403 

29.046 

110.267 


Table 7: Confirmation Report Table 


Two-sided 

Confidence =95% 

n =1 

Factor 

Name 

Level 

Low Level 

High Level 

Std. Dev. 

Coding 

A 

Speed 

1299.19 

1100.00 

1300.00 

0.000 

Actual 

B 

Feed rate 

68.21 

30.00 

70.00 

0.000 

Actual 

C 

Tool pin offset 

1.52 

0.80 

1.60 

0.000 

Actual 

D 

Axial force 

14.68 

12.00 

17.00 

0.000 

Actual 
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Response 

Predicted 

Mean 

Predicted 

Median! 

Observed 

StdDev 

n 

SEPred 

95% PI low 

Data Mean 
95% PI high 

UTS 

169.953 

169.953 

-10.5181 

i 

11.37 

146.38 

-193.53 

Impact strength 

7.41127 

7.41127 

-0.559113 

i 

0.64 

6.09 

-8.74 

Volumetric dispersion 

69.6568 

69.6568 

-9.30854 

i 

10.33 

48.03 

-91.28 


Table 8: Co-efficient Table 


Response 

Intercept 

A 

E 

C 

D 

AB 

AC 

AD 

BC 

A A 2 

B A 2 

C A 2 

D A 2 

.ABC 

UTS 

178.278 

1.83333 

■5.16667 

0.916667 

2.16667 



4.125 



-3.09722 



■5.625 

P 


0.4024 

0.0249 

0.6736 

0.3239 



0,1310 



0.1283 



0.0438 

Impact strength 

7.71944 

0.154167 

■0.170833 

0.0958333 

0.129167 

■0.16875 

0.15625 


0.14375 


-0.253472 



■0.35625 

P 


0.1918 

0.1500 

0.4110 

0.2711 

0.2414 

0.2769 


0.3160 


0.0245 



0.0191 

Volumetric dispersion 

65.8333 

0.625 

•1.70833 

0.291667 

6.13333 


1.0625 


■1.3125 

2.34583 

0.720833 

2.09583 

■6.04167 


P 


0.7458 

0.3799 

0.8796 

0.0044 


0.6532 


0.5794 

0.2026 

0.6896 

0.2529 

0.0030 


Legend 


p<.01 

,01<=p<.05 

,05<=p<,10 

p>=.10 











CONCLUSIONS 

An optimization process was conducted to examine and improve the joining process of aluminium and PEEK 
alloy using friction stir welding (FSW) in Response Surface Method (RSM). By the absorption of response variables, UTS, 
the capacity of a joined Al-PEEK metal increased efficiently to withstand against the compressive strength. Impact 
strength values indicate the effective resistance capacity of the welded Al-PEEK metal to the dynamic loads. Also the 
resultant volumetric dispersion variables show that the distribution of the metals in the stirring process to attain maximum 
strength. The overall optimization process indicates that the friction stir welding process provides the fine macro and 
microstructural surfaces. Moreover, it was found that effective joining of Al-PEEK was achieved by varying input 
variables. When the feed rate increases, the ultimate tensile strength increases. 

ACKNOWLEDGEMENT 

Our sincere thanks to Mr. R. Raj Jawahar from Dynamechz Research Labs, Chennai.For their support in 
conducting the experimental work. 

REFERENCES 

1. K. Kumar, C. Kalyan, Satish V. Kailas & T. S. Srivatsan (2009) An Investigation of Friction During Friction Stir Welding of 
Metallic Materials, Materials and Manufacturing Processes, 24:4, 438-445, DPI: 10.1080/10426910802714340 

2. J. D. Robson, N. Kamp & A. Sullivan (2007): Microstructural Modelling for Friction Stir Welding of Aluminium Alloys, 
Materials and Manufacturing Processes, 22:4, 450-456, DPI: http://dx.doi.org/l0.1080/10426910701233186 

3. J. H. Ouyang, E. Yarrapareddy, R. Kovacevic (2006): Microstructural evolution in the friction stir welded 6061 aluminum 

alloy (T6-temper condition) to PEEK, Journal of Materials Processing Technology, 172: 110-112, 

DPI: https ://doi. org/10.1557/imr.2016.295 

4. P. Liu, Q. Y. Shi, W. Wang, X. Wang, Z. Zhang (2008): Micro structure and XRD analysis of FSW joints for PEEK 
T2/aluminum 5A06 dissimilar materials, Materials Letters, 62: 4106-4108, DPI: 10.1016/S1003-6326(15)63783-9 


www.twrc.org 


SCOPUS Indexed Journal 


editor @tjprc. org 







































754 


L. Prabhu & S. Satish Kumar 


5. Thomas WM, Nicholas ED, Needham JC, Murch MG, Temple-Smith P, Dawes CJ. Friction stir butt welding. 1991: 
International patent no. PCT/GB92/02203 

6. Berbon PB, Bingel WH, Mishra RS, Bampton CC, Mahoney MW. Friction stir processing: a tool to homogenize 
nanocompositesaluminium alloys. Scr Mater 2001;44:61e6. 

7. Rao, G. A., Reddy, G. C.M., & Kumar, G. S. R. Multi Response Objective Optimization of Friction Stir Welding Parameters of 
Dissimilar Metals ofAA 6061 Aluminumand Is319 Brass Joining Through Taguchi’s Method. 

8. Lee WB, Yeon YM, Jung SB. The improvement of mechanical properties of friction-stir-welded A356 Al alloy. Mater SciEng 
2003;A355:154e9. 

9. Sato YS, Urata M, Kokawa H, Ikeda K. Hallepetch relationship in friction stir welds of equal channel angular-pressed 
aluminium alloys. Mater SciEng A 2003;354:298e305. 

10. Mahoney MW, Rhodes CG, Flintojf JG, Spurling RA, Bingel WH. Properties of friction-stir-welded 7075-T651 aluminium. 
Metall Mater Trans A 1998;29:1955e64 

11. Ramanjaneyulu KADAGANCHI et. al, (2015), Optimization of process parameters of aluminum alloy AA 2014-T6 friction stir 
welds by response surface methodology, Defence Technology 11 209-219. 

12. Eusebio J. Martinez-Conesaet. al, (2017), Optimization of geometric parameters in a welded joint through response surface 
methodology, Construction and Building Materials 154 105-114, https://doi.org/10.1016/j. conbuildmat.2017.07.163 

13. G.E.P. Box, K.B. Wilson, On the experimental attainment of optimum conditions, J. R. Stat. Soc. Ser. B Methodol. 13 (1951) 1- 
45. 

14. R. S. Mishra, Z. Y. Ma, Mater. Sci. Eng. R 50 (2005) 1-78. 

15. Martin Reimannet. al, (2017), Micro structure and mechanical properties of keyhole repair welds in AA 7075-T651 using refill 
friction stir spot welding, S0264-1275(17)30674-3, https://d 0 i. 0 r 2 /!0.1016/j.matdes.2017.07.013 

16. Fusheng Pan et. al, (2016), Effects of friction stir welding on microstructure and mechanical properties of magnesium alloy 
Mg-5Al-3Sn, Materials and Design 110 266-274, https://doi.ors/10.1016/j.matdes.2016.07.146 

17. Prakash Kumar Sahu and Sukhomay Pal, (2017), Mechanical Properties of Dissimilar Thickness Aluminium Alloy weld by 
Single/Double Pass FSW, S0924-0136(17)30009-2, https://doi. org/10.1016/j. imatprotec.2017.01.009 


Impact Factor (JCC): 7.6197 


SCOPUS Indexed Journal 


NAAS Rating: 3.11 






